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Differential expression of voltage-gated K+ currents in medial
septum/diagonal band complex neurons exhibiting distinct firing
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Abstract
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The medial septum/diagonal band complex (MSDB) controls hippocampal excitability, rhythms
and plastic processes. Medial septal neuronal populations display heterogeneous firing patterns. In
addition, some of these populations degenerate during age-related disorders (e.g. cholinergic
neurons). Thus, it is particularly important to examine the intrinsic properties of theses neurons in
order to create new agents that effectively modulate hippocampal excitability and enhance
memory processes. Here, we have examined the properties of voltage-gated, K+ currents in
electrophysiologically-identified neurons. These neurons were taken from young rat brain slices
containing the MS/DB complex. Whole-cell, patch recordings of outward currents were obtained
from slow firing, fast-spiking, regular-firing and burst-firing neurons. Slow firing neurons showed
depolarization-activated K+ current peaks and densities larger than in other neuronal subtypes.
Slow firing total current exhibited an inactivating A-type current component that activates at
subthreshold depolarization and was reliably blocked by high concentrations of 4-AP. In addition,
slow firing neurons expressed a low-threshold delayed rectifier K+ current component with slow
inactivation and intermediate sensitivity to tetraethylamonium. Fast-spiking neurons exhibited the
smaller IK and IA current densities. Burst and regular firing neurons displayed an intermediate
firing phenotype with IK and IA current densities that were larger than the ones observed in fastspiking neurons but smaller than the ones observed in slow-firing neurons. In addition, the
prevalence of each current differed among electrophysiological groups with slow firing and
regular firing neurons expressing mostly IA and fast spiking and bursting neurons exhibiting
mostly delayer rectifier K+ currents with only minimal contributions of the IA. The
pharmacological or genetic modulations of these currents constitute an important target for the
treatment of age-related disorders.
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The medial septum/diagonal band complex (MS/DB) plays a pivotal role in the
synchronization of septohippocampal pathways, pacing oscillatory activity such as the theta
rhythm (Andersen et al., 1979; Bland and Oddie, 2001; Bland et al., 1999; Bland and Bland,
1986; Jackson and Bland, 2006; Lawson and Bland, 1993). It is largely known that neurons
in the MS/DB express diverse intrinsic membrane properties (e.g. firing pattern, action
potential width, afterhyperpolarizing potentials and accommodation), which tend to correlate
with their neurochemical phenotypes (e.g. neurotransmitter content) (Garrido-Sanabria et al.,
2007b; Griffith, 1988; Griffith and Matthews, 1986; Knapp et al., 2000; Morris et al., 1999;
Sotty et al., 2003). For instance, slow firing neurons are known to express markers of
cholinergic neurons such as acetylcholinesterase, acetylcholine and nerve growth factor lowaffinity receptor P75 (Garrido-Sanabria et al., 2007b; Griffith and Matthews, 1986; Sotty et
al., 2003; Wu et al., 2003; Yoder and Pang, 2005). Typically, these neurons slow
significantly in their firing afterhyperpolarizing potential (sAHP) and wide action potentials
(Garrido-Sanabria et al., 2007b; Griffith and Matthews, 1986; Matthews and Lee, 1991;
Sotty et al., 2003). In contrast, fast-spiking and burst firing neurons usually express Lglutamic acid decarboxylase (GAD) immunoreactivity, indicating that they are gammaaminobutyric acid (GABA)ergic neurons (Knapp et al., 2000; Morris et al., 1999; Serafin et
al., 1996; Sotty et al., 2003; Yoder and Pang, 2005). Among this group, parvalbumincontaining neurons have been extensively studied in the MS/DB area. Parvalbumin-positive
neurons are characterized in vitro by their salient capability to fire short-duration action
potentials at sustained high-frequency rates with little accommodation (Griffith, 1988;
Knapp et al., 2000; Morris et al., 1999). The majority of parvalbumin-containing neurons
project their axons toward the hippocampus as part of the septohippocampal pathway
(Brauer et al., 1998; Freund, 1989; Kiss et al., 1990; Morris and Henderson, 2000).
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Electrophysiologically, neurons in the medial septal region have been classified as slowfiring, fast-spiking, regular-spiking, and burst-firing neurons (Henderson et al., 2001). The
emergence of such dissimilar firing phenotypes depends on the interaction of different ionic
currents. Among these currents, potassium (K+) conductances are known to shape electrical
properties of cells, influencing the duration and repolarization phase of action potentials,
afterhyperpolarizing potentials and repetitive firing patterns (Li et al., 2006). Several types
of K+ channels have been identified based on their electrophysiological and pharmacological
properties. The most widely distributed K+ channels are the delayed outward rectifier (IDR),
transient A-type (IA), and calcium-activated potassium (IKCa) conductances (Coetzee et al.,
1999; Rudy, 1999). The IDR and IA conductances regulate the timing of action potential
formation and the repetitive firing pattern of neuronal cells (Hernandez-Pineda et al., 1999;
Peusner et al., 1998; Schwindt et al., 1988; Song et al., 1998; Traub et al., 1991). Correlation
between firing behavior and K+ currents has previously been explored in the MS/DB. For
example, apamin-sensitive Ca2+-dependent K+ currents underlying slow
afterhyperpolarizing potentials (sAHP) have been described in slow firing cholinergic
neurons of the MS/DB, and they are thought to contribute to the neurons’ strong spike
adaptation (Griffith, 1988; Griffith and Matthews, 1986; Matthews and Lee, 1991). In
contrast, fast-spiking neurons exhibiting markedly fast afterhyperpolarizing potential
(fAHP) and little accommodation express modest apamin-sensitive Ca2+-dependent K+
current (Morris et al., 1999; Sotty et al., 2003). Previous experiments in striatum have
revealed that cholinergic neurons are able to fire at low frequencies due to the presence of a
pronounced A-type K+ current, which is mainly mediated via Kv 4.2 channels (Song et al.,
1998; Tkatch et al., 2000). However, a comparative study on major types of K+ currents has
not been performed among neurons with distinct firing repertoires in the MS/DB.
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The septo-hippocampal system is affected by aging and Alzheimer’s disease (Geula, 1998;
Hall et al., 2008; Schliebs and Arendt, 2006). Medial septal neurons act as pacemakers for
the hippocampal theta rhythm, a functional state that enhance synaptic plasticity and
memory processes (Colom, 2006). The rhythmical firing patterns of medial septal neurons
are dependent on their intrinsic membrane properties. In turn, intrinsic membrane properties
are shaped by ionic conductances. K+ channels constitute the largest family of membrane
ionic channels. Their extraordinary diversity makes them a perfect tool to control neuronal
excitability and firing properties. Some K+ channels, such as the Kv3.1 of medial septal
GABAergic neurons may contribute to hippocampal theta activity through the regulation of
transmitter release from axonal terminals (Henderson et al., 2010). Furthermore, IKD and IA
currents have been associated with Alzheimer’s disease pathogenesis, contributing to brain
dysfunction and cell death mechanisms (Angulo et al., 2004; Colom et al., 1998; Kerrigan et
al., 2008; Kidd et al., 2006; Kidd and Sattelle, 2006; Pannaccione et al., 2007; Plant et al.,
2006; Ye et al., 2003; Yu et al., 2006). Thus, the characterization of K+ currents in medial
septal neurons is necessary to understand the septo-hippocampal function as well as
devastating disorders such as Alzheimer’s disease.
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Here, we explore the properties of voltage-gated K+ currents that can determine distinct
discharge patterns in electrophysiologically-identified neurons in the MS/DB area. In this
study, we have used the whole-cell, patch-clamp technique to examine the voltage-gated K+
currents that participate in the generation of the firing patterns of MS/DB neurons. Our
results suggest that physiologically defined neuron subtypes display diverse voltage-gated
K+ currents, which actively contribute to shaping the action potential waveforms, spike
frequency and excitability of MS/DB neurons.

MATERIALS AND METHODS
Medial septum/diagonal band complex preparations
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Animal protocols used in this study complied with pertinent institutional and federal animal
welfare regulations (Protocol#2003-004-IACUC). Electrophysiological experiments were
performed using the coronal MS/DB slice preparation. 35, male, Sprague Dawley rats (21–
35 days old; Charles River Laboratories, Raleigh, NC) were deeply anesthetized with 80 mg/
kg ketamine i.p. (Butler Animal Health Supply, Dublin, OH) and decapitated with a rodent
guillotine. The brain was rapidly removed and placed into ice-cold (~4°C) sucrose-artificial
cerebrospinal fluid (ACSF) containing (in mM): 240 sucrose, 3 KCl, 1 CaCl2, 5 MgSO4,
0.15 NaH2PO4, 26 NaHCO3, 25 glucose, pH 7.4 following aeration with 95% O2 and 5%
CO2; osmolarity was 295–305 mOsm as measured with a freezing point osmometer
(Advanced Instruments; Needham, MA). The block was glued to the stage of a vibrating
tissue slicer (OTS-4000, EMS, Fort Washington, PA), and coronal slices of the MS/DB area
(350 μm) were sectioned in ice-cold, oxygenated ACSF. Slices were allowed to recover in a
holding chamber containing oxygenated standard ACSF (see below) for 1–2 hours at room
temperature until needed.
For recording, individual slices were transferred to a slice chamber, which was fixed to the
stage of an upright microscope (Axioskop; Zeiss, Oberkochen, Germany), fitted with a water
immersion objective (40×, 0.75 numerical aperture) and viewed with near infrared light
(>775 nm) trans illumination and differential interference contrast optics (IR-DIC). Slices
were continuously perfused (at 1.5 ml min−1) with ACSF containing (in mM):125 NaCl, 3
KCl, 2 CaCl2, 2 MgSO4, 5 BES, 15 D-glucose, aerated with 95 % O2.5 % CO2. All drugs
were added into the perfusate by switching to reservoirs containing the appropriate test
solution. A waiting period of ~10 min was used to allow for equilibration before data were
collected.
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Recordings were made from visually identified neurons in the MS/DB area. All neurons
were initially identified on the basis of somata shapes using IR-DIC optics. Recording
pipettes pulled in multiple stages on a Flaming-Brown P-97 horizontal puller (Sutter
Instruments, Novato, CA) from borosilicate glass (1.5 mm ID), which had a resistance of 3
to 5 M . Patch electrodes were filled with a solution comprising the following (in mM): 120
K-gluconate, 10 KCl, 1 MgCl2, 2.5 Mg-ATP, 10 HEPES, 0.25 Na2-GTP, 0.1 BAPTA and
0.1% neurobiotin (pH 7.2 with KOH; 290 mOsm). The patch electrode was advanced
towards a visualized neuron using a stepping micromanipulator (PMC 100, Newport; Irvine,
CA). Once the pipette made contact with a cell, negative pressure was used to form a
gigaohm (>1 GΩ) cell-pipette seal. Then, gentle suction was applied to rupture the patch
membrane. Seal formation was performed in current-clamp mode, and membrane
breakthrough was monitored by observing the response to a hyperpolarizing current step
(0.3 nA).
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Whole-cell patch-clamp techniques were used in current-clamp and voltage-clamp modes on
the same cell. This was done to identify the voltage-gated K+ currents present and to
examine their contribution to the firing pattern of the cell. Neurons were first recorded in
current-clamp mode for the analysis of intrinsic membrane properties (e.g. action potential
shape and firing characteristics). This was done using the electronic “bridge” circuit of
Axopatch 1D amplifier (Molecular Devices Corporation, Sunnyvale, CA) with the output
filter set at 10 kHz. Signals were digitized with a DIGIDATA 1300A A/D board (Molecular
Devices Corporation) and stored on PC running pClamp9 software (Molecular Devices
Corporation). After completing the examination of action potential and firing patterns in
current-clamp mode, we switched to the voltage-clamp configuration to record K+ currents.
Series and access resistance were monitored continually, and cells were discarded if access
resistance was unstable or changed by more than 20%. Potentials were recorded with respect
to the Ag/AgCl reference electrode located near the outflow of the chamber. Liquid junction
potentials ~10 mV were estimated between the pipette and external solutions, but values of
membrane potentials were not corrected.
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Intrinsic properties were analyzed off-line using the Clampfit 9 program of pCLAMP9
software. The firing pattern was defined by the response of the cell to 400-ms increment
depolarizing steps. Other parameters measured included resting membrane potential, input
resistance, membrane time constant, action potential height, action potential half-width, rise
slope and decay slope. The action potential threshold was defined as the lowest current
injected that elicited an action potential with an overshoot. The frequency was calculated as
the maximum number of action potentials elicited at the activation threshold. The action
potential overshoot was determined from 0 mV to the peak of an action potential. The
duration of the action potential was measured at 50% and 75% of the peak amplitude from
the resting membrane potential. This was done because the 50% amplitude was close to the
base of the action potential and the 75% amplitude was close to the inflection on the falling
phase of the action potential (Stucky and Lewin, 1999) (Stucky and Lewin, 1999).
After assessing the intrinsic properties, neurons were voltage-clamped at −70 mV to study
outward rectifier (IK) and A-type K+ currents (IA). To selectively record K+ currents and
minimize the contributions from Ca2+ and Na+ currents, the extracellular solution was
replaced by a solution containing 1 μM tetrodotoxin (TTX, from Sigma-Aldrich, St. Louis,
MO). Since Ca2+ currents were not easily eliminated even in the Ca2+ -free control solution
in slice preparation, we replaced Ca2+ on an equimolar basis by Mg2+ and added 0.2–0.4
mM CdCl2 to the ACSF solutions. In some experiments, tetraethylammonium chloride
(TEA-Cl) or 4-aminopyridine (4-AP) was applied. When 4-AP was included in the ACSF,
the pH was adjusted to 7.4 using H2SO4. When high concentrations (≥1 mM) of 4-AP or
Neurosci Res. Author manuscript; available in PMC 2012 August 1.
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TEA-Cl were added to the solution, the osmolarity was adjusted by reducing NaCl from the
ACSF solutions.
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Charge transfer densities for IK and IA currents were calculated to account for the small
variations in cell size and inactivation kinetics. Current density was obtained by dividing the
current amplitude by the cell capacitance, which was estimated by fitting the current induced
by a small (10 mV) hyperpolarizing step. To activate voltage-gated K+ currents, predesigned protocols of depolarizing test pulses whereas a 100-ms hyperpolarizing prepulse
(to −110 mV) was applied to maximally activate IA as depicted in Figure 1. A conditioning
pre-pulse (100-ms) of −50 mV was used to inactivate IA to allow for trace subtraction and
isolation of the A-type component from the total K+ current. The voltage threshold for
activation was determined as the voltage at which the upward inflections of the current
traces start to occur when evoked via specific voltage step protocols for IA and IK. Linear
leak currents, through membrane capacitance, were cancelled on-line using P/4 procedure in
Pclamp 9.
Data were analyzed using the Clampfit 9 software program (PCLAMP9). Whole cell
current-voltage (I–V) curves for individual neurons were generated by calculating the mean
peak outward current at each testing potential and normalizing them for cell capacitance.
The amplitude of the K+ current was measured at the peak.
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Data were fitted to the Boltzmann equation:

In this equation, V0.5 is the membrane potential at which 50% of activation was observed; k
is the slope of the function; C is a constant (= 0 in the IV relation); Imax is the maximal K+
current density, and Vm is the membrane potential. 4-AP and TEA-sensitive K+ currents
were obtained by subtracting the 4-AP and TEA-resistant K+ current from the total K+
current. Concentration-response data were fitted according to the Hill relationship {I/Imax =
1/[1+(X)/IC50]n}. Data are presented as mean ± standard error of the mean (SEM or as mean
± standard deviation (SD). `Comparisons between means were tested for significance using
paired and unpaired Student's t-test or one-way ANOVA with post-hoc comparisons by
Tukey’s Honest Statistical Difference (HSD); P<0.05 is considered statistically significant.
Chemicals
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Tetradotoxin (TTX), 4-aminopyridine (4-AP), tetraethylamonium chloride (TEA-Cl) were
purchased from Sigma-Aldrich Co, Saint Louis, USA.

RESULTS
A-type, K+ current density is expressed differentially among MS/DB neurons with distinct
firing phenotypes
Neurons in the MS/DB area exhibit a distinct firing repertoire, suggesting possible
differences in the expression of voltage-activated K+ channels using whole-cell patch clamp
recordings (Fig. 2). We have, therefore, investigated the depolarization-evoked, K+ currents
in these four, electrophysiological subtypes of neurons using whole-cell patch clamp
recordings.
Firing phenotype and intrinsic properties were first examined using the current-clamp
configuration (Fig. 2, Upper row). Neurons were classified as slow firing (n=6), regular
firing (n=4), fast spiking (n=6) and burst firing (n=5) according to criteria described
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elsewhere (Henderson et al., 2001). An analysis of the intrinsic properties of the recorded
neurons is presented in Table 1. As described for slow firing neurons, the width and slope of
decay of the action potential significantly larger than the other neuronal subtypes (ANOVA,
P<0.05, Tukey’s HSD post-hoc analysis, P<0.05, Table 1). These neurons also exhibited the
lower steady-state firing frequency (10.5±3.5 Hz) when compared to regular firing (24.1±5.3
Hz), fast spiking (42.2±7.8 Hz) and burst-firing neurons (38.5±5.1 Hz) after ANOVA
statistical and Tukey’s HSD post-hoc analyses (P<0.05).
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After determining the intrinsic properties, depolarization-activated outward currents were
studied under voltage-clamp configuration in a solution that blocked voltage-gated Na+ and
Ca2+ currents. Two major components of the voltage-gated K+ currents were examined
using specific voltage steps and subtraction protocols (Figure 1). Representative voltageactivated K+ currents recorded in these different electrophysiological phenotypes revealed
striking difference, specifically in the rapidly activating and rapidly inactivating currents,
termed A-type transient current (IA) (Fig. 2). The amplitude and activation kinetics of IA
varied among MS/DB neurons (Figure 2, Table 2). Distinctively, slow firing neurons
exhibited the larger amplitude (current peak) and density of IK and IA when compared to
other neuronal subtypes (ANOVA and Tukey’s HSD, P<0.05, Table 2). The threshold and
activation curve midpoint for IA was significantly lower (at more hyperpolarized potentials)
in slow firing neurons (Figure 2, Table 2). Moreover, the IK activation curve midpoint and
steepness were significantly higher in this group. Fast spiking and burst firing neurons
exhibited a lower density of IA currents (91.0±26 pA/pF and 109.1±11.49pA/pF
respectively) and a higher threshold of activation (−31.4±2.6 mV and −37.5±2.5) (Table 2).
The variability in IK and IA density, waveforms and activation kinetics indicate that MS/DB
neurons exhibit a differential subset of voltage-gated K+ channels and that IA is a
predominant current in slow firing neurons.
To further explore this notion of voltage-gated K+ current variability, we investigated the
pharmacological sensitivity of K+ currents to the K+ channel blockers 4-AP on TEA in MS/
DB neurons. Baseline outward currents (control) were recorded prior to superfusion of the
4-AP-contaning ACSF solution. Pharmacological actions were measured when the effect of
each concentration of 4-AP had reached steady-state. In these experiments, the effects of
increasing concentrations (0.1, 0.5, 1, 10, 20 mM) of 4-AP on K+ currents in MS/DB
neurons were examined (Figure 3 A2, B2, C2, D2). These experiments demonstrate that 4AP inhibits IA in a concentration-dependent manner; therefore, remaining K+ currents were
challenged with a co-application of 20 mM 4-AP and 20mM TEA (Figure 3, A3–D3).
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To analyze the current inhibited by different concentrations of 4-AP, current traces recorded
in the presence of each concentration of 4-AP were digitally subtracted from the control
traces (in the absence of 4-AP). As evident in Figure 3 A3, the current blocked by 0.1 mM
and 0.5 mM of 4-AP activates rapidly and inactivates rapidly as IA in slow firing neurons
(Figure 3A) and regular firing neurons (Figure 3B). Fast spiking and burst firing neurons
exhibited small, transient, A-type currents. These transient components were less sensitive
to 4-AP with a IC50 of 2.5 mM in fast spiking (Figure 3, C4) and 1.3 mM in bust firing
neurons (Figure 3, D4). As previously reported, 4-AP had a minimal effect on the slowly
inactivating outward current, reducing the total current to approximately 80% of control at
10 mM 4-AP. The slowly inactivating component was successfully blocked in all
experiments by 20 mM TEA (Figure 3, A2-D2, A3-D3). These pharmacological
experiments confirm that, in contrast to slow firing and regular firing neurons, fast spiking
and burst firing neurons in the MS/DB express a minimal amount of IA.
Next, we investigated the sensitivity of action potential width and latency to 4-AP in
different neuronal phenotypes. pplication of 100 μM 4-AP significantly reduced the latency
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of the first action potential in slow firing and regular firing neurons but failed to
significantly modify these variables in fast spiking and bursting firing neurons (Figure 4,
A1-D1). Application of 4-AP (100 μM) significantly increased the width of action potential
in slow firing (40.5±5.6% increase, paired Student t-test, p<0.01) and regular firing neurons
(18.1±4.5% increase, paired Student t-test<0.05). However, significant changes were not
detected in fast spiking and burst firing neurons (Figure 4, A2–D2). In addition, 4-AP
increased firing frequency in all neuronal subtypes, but the effect was more evident in slow
firing neurons (Figure 4).

DISCUSSION
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The operation of neuronal networks depends on the firing patterns of the interconnected
neurons. The firing patterns and input-output functions of network’s neurons are determined
by their intrinsic electrophysiological properties which in turn can influence the emerging
functional properties of the network. Previous studies indicate that K+ currents control
different features of firing patterns in neurons (Connor and Stevens, 1971a; Yarom et al.,
1985). As an example, IK affects the action potential waveform while IA changes firing rates
in rat suprachiasmatic neurons (Bouskila and Dudek, 1995). IM widely regulates neuronal
excitability in brain structures; in hippocampal pyramidal neurons IM facilitates repetitive
discharges, enhances after-depolarization and burst-firing, and induces spontaneous firing
through a reduction of action potential threshold at the axon initial segment (Brown and
Passmore, 2009). As a result, the expression of K+ channels can shape firing patterns and
modulate neuronal excitability. These K+ channel functions may play an important role in
determining intrinsic properties of basal forebrain networks (including septal neurons) that
provide extensive innervations to neocortical and archicortical structures, controlling their
excitability and rhythmic processes.
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It is possible that firing patterns in MS/DB neuronal subtypes are determined by interplay of
different ionic conductances including K+ currents. Although this study investigates
differences in voltage-gated IK and IA currents we cannot rule out that firing phenotypes are
determined by a more complex interaction and differential expression of Ca2+-activated K+
current, voltage-gated Na+ and Ca2+ currents. In support of this notion, a previous study
demonstrates that transient, high-threshold Ca2+, and apamin-sensitive Ca2+-activated K+
conductancse are responsible for the generation of slow afterhyperpolarizing potential
(sAHP) which has been implicated in limiting the firing rate (e.g. slow firing) in MS/DB
cholinergic neurons (Gorelova and Reiner, 1996). Application of K+ current blocker 4-AP
(preferentially IA) increased the firing frequency of slow firing neurons while a less
pronounced effect was detected on regular, fast and burst-firing neurons. These findings
indicate that under normal conditions, voltage-dependent activation of IA may also control
firing frequency in slow firing neurons. It is possible that when activated by depolarizing
currents or during an action potential the large amplitude IA on slow firing neurons may
provoke prominent hyperpolarization of the membrane reducing the probability for
subsequent generation of action potentials. It has been proposed that activation of IA at
subthreshold potentials can contribute to delayed firing of action potentials during slow
approaches to threshold (Connor and Stevens, 1971a, b; Segal and Barker, 1984; Segal et al.,
1984; Storm, 1988) Consequentially, pronounced IA may interplay with other conductances
to determine longer inter-spike intervals in slow firing neurons. Since voltage- and calciumactivated potassium currents may be also responsible for slowing firing rates in these
neurons, additional molecular and electrophysiological studies are necessary to investigate
the roles of these currents in determining firing phenotypes in MS/DB neurons. In the septohippocampal system, the septal output influences synaptic plasticity in hippocampal
networks (Frey et al., 2003). Thus, understanding the role of ionic conductances underlying
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the firing patterns of septal neurons is relevant to elucidate septo-hippocampal functions
(including theta rhythm generation) and dysfunction.
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Heterogeneity in firing properties has been previously noted in MS/DB neurons (GarridoSanabria et al., 2007a; Griffith and Matthews, 1986; Knapp et al., 2000; Manseau et al.,
2008; Morris and Henderson, 2000; Simon et al., 2006; Sotty et al., 2003). Our data indicate
that these distinct intrinsic firing phenotypes are associated with the expression of specific
K+ currents among MS/DB neurons. Slow firing and regular firing neurons expressed
prominent IA while fast spiking and bursting neurons exhibited mostly delayer rectifier K+
currents with only minimal contributions of the IA.
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A-type, K+ channels are prominent in the somatodendritic membrane of mammalian neurons
(Bailey et al., 2007; Debanne et al., 1997; Huang et al., 2005; Jerng et al., 2004; Kollo et al.,
2006; Menegola et al., 2008; Serodio and Rudy, 1998; Song et al., 1998; Tkatch et al., 2000;
Tsaur et al., 2001). A-type, K+ currents play an important role in the regulation of repetitive
firing and synaptic integration. Therefore, differential expression of this current may
determine the diversity of firing behavior in MS/DB neurons. For example, slow firing
neurons are distinguished by long latency to first spike, evoked by threshold depolarizing
steps, and very low firing rates. Expression of a large A-type current is consistent with a
delayed firing onset in the presence of background hyperpolarization as observed in slow
firing neurons. It has previously been suggested that such electrophysiological feature are
governed by an inactivating, transient, A-type, K+ current (Connor and Stevens, 1971a) .
Consistent with these data, slow firing neurons expressed significantly larger IK and IA
current densities. Moreover, IA are activated at a subthreshold membrane potential, which is
in agreement with previous data showing that latency to first spike increases if slow firing
neurons are hyperpolarized prior to depolarizing steps (Garrido-Sanabria et al., 2007a).
Moreover, it has been largely demonstrated that MS/DB, slow firing neurons express a
predominant, cholinergic, neurochemical phenotype (Garrido-Sanabria et al., 2007a;
Gorelova and Reiner, 1996; Matthews and Lee, 1991; Sotty et al., 2003). Thus, discerning
the molecular substrate/subunit composition of this IA may provide an important target for
the creation of agents that improve cognition in age-related disorders.
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However, the subunits associated with IA currents in MS/DB cholinergic or slow firing
neurons have yet to be characterized. Previously, single-cell reverse transcription-PCR and
patch clamp analyses revealed that cholinergic neostriatal inteneurons exhibit a lowfrequency firing mediated via an A-type, K+ current (Kv4.2 and Kv4.1 channels) (Serodio
and Rudy, 1998; Song et al., 1998). Moreover, Kv4.2 mRNA abundance was linearly related
to A-type, K+ current amplitude in neostriatal, medium spiny neurons and cholinergic
interneurons in globos pallidus and basal forebrain, cholinergic neurons (Tkatch et al.,
2000).
In this study, there was not a significant correlation between estimates of Kv4.1 or Kv4.3
mRNA abundances and IA K+ current amplitude. In neostriatal neurons, selective blocks of
IA substantially decreased the latency to discharge and increased the frequency (Gabel and
Nisenbaum, 1998). In agreement with these data, a block of IA with 4-AP substantially
increased the firing frequency in slow firing MS/DB neurons. IA sensitivity to 4-AP suggests
that the Kv4.2 and Kv4.3 channels’ subunits may be substrates of IA in slow firing medial
septal neurons (Angelova and Muller, 2009; Wang and Schreurs, 2006). Molecular studies
will be necessary to determine the molecular composition of K+ channels mediating IA in
slow firing, MS/DB neurons.
Delayed rectifiers, K+ currents are often attributable to the Kv2 and Kv3 subfamily genes. In
a previous study, we reported that basal forebrain, cholinergic neurons express both Kv3.1
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and Kv2.1 subunits (Betancourt and Colom, 2000). However, the Kv2.1 subunit showed a
wider distribution in noncholinergic neurons than the Kv3.1 subunit. Kv3.1 and Kv2.1
immunostaining was noticeable not only in neuronal cell bodies but also in the dendritic
ramifications of these neurons. Interestingly, the Kv3.1 subunit has been classically
associated with fast-spiking neurons whereas basal forebrain, cholinergic neurons are
characterized by slow firing frequency and long-duration action potentials (Betancourt and
Colom, 2000). Thus, it appears that mammalian neurons express some particular Kv genes
at higher levels while coexpressing multiple genes for the composition of depolarizationactivated, K+ channels (Song, 2002). The Kv3.1 subunits may have functions other than
facilitating high-frequency firing in slow firing neurons. They may be responsible for slowly
inactivating K+ currents that are detected in slow firing neurons.
Since different types of K+ channels influence the resting potential, firing threshold, spike
depolarization and repetitive firing frequency (Connor & Stevens, 1971; Llinas, 1988, Koh
et al., 1992; Safronov et al., 1996; Hille , 2001), their block or modulation may considerably
affect neuronal excitability and the generation of firing patterns. As a result, this can modify
the rhythmic activity in areas such as the MS/DB. Accordingly, K+ channels’ modulators
have been considered an important therapeutic alternative in several neurological disorders
(Alkon, 1999; Benatar, 2000; Kanai et al., 2006; Wulff et al., 2009; Wulff and Zhorov,
2008).
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In conclusion, the four firing phenotypes of medial septal neurons show major differences in
K+ channel expression with the septal slow-firing neurons displaying the largest K+ currents
and a particularly prominent IA. The discernment of the channels’ subunits underlying these
currents eit is particularly relevant for the ongoing age-related research. The identification of
molecular targets with the subsequent modulation of these currents provides an exciting tool
to enhance memory and learning processes in the elderly.
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•

Slow firing neurons in medial septum exhibit large K+ currents

•

The type A current is the larger component of K+ currents in slow firing
neurons

•

Blockers of K+ currents in slow firing neurons increase firing rate.
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Figure 1.
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Isolation of voltage-gated K+ currents in different electrophysiological phenotypes of medial
septal neurons. A. Recording of intrinsic neuronal properties was performed using currentclamp configuration. The whole-cell recording electrode was filled with a K+, gluconatebased, internal solution. Hyperpolarizing and depolarizing square current pulses (400 msec
duration) were injected (20 mV steps) to assess passive and active intrinsic properties of
neurons. B. After analyzing the firing phenotype of the neurons, the recording configuration
was switched to voltage-clamp to assess K+ currents. The bathing solution was also changed
to calcium-free ACSF containing 1 μM TTX (to block sodium currents) and 2 mM cobalt, a
divalent cation to block calcium currents and calcium-activated currents. B1. Total voltagegated K+ currents (IK) (a) were activated by a series of 400 msec incrementing voltage steps
(10 mV steps) from a holding potential of −100 mV up to +60 mV. B2. The fast, transient,
A-type, K+ currents (IA) are inactivated by prepulsing the neurons to −50 mV for 500 ms
(b), resulting in the isolation of the delayer rectifier (IK-IA) component. B3. A family of IA
currents was evident after subtracting b from a as follows IA= IK – (IK-IA) (a–b). In some
experiments, IA was isolated pharmacologically by adding 4-AP.
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Figure 2.

The waveforms of calcium-independent, voltage-gated, K+ currents (IK, IDR and IA) (middle
rows, represented as current densities) vary among the four main electrophysiological
phenotypes (different intrinsic properties) observed in MS/DB neurons (top row). Note that
(A) a representative slow firing neuron (exhibiting long latency for first action potential) and
(B) regular firing neurons exhibited a more pronounced low-threshold IA when compared to
(C) fast spiking and (D) burst-firing neurons. This is evident in a plotted, voltage-current
relationship for data averaged from several neurons per groups as indicated (n) (bottom
row). The peak currents (components) at different voltage steps were detected and measured
in the 10–50 msec interval for IA (open circles) and from the 250–350 msec interval for IDR
(closed circles). Currents were evoked and detected as described in Figure 1.
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Figure 3.

The effect of external 4-AP and TEA on K+ currents isolated from distinct neuronal
phenotypes in the MS/DB area. (A.) The transient, A-type current component in a
representative, slow firing neuron exhibiting no Ih and long latency for the first action
potential (A1) was reduced by increasing concentrations of 4-AP (reaching ~10% after 1
mM 4-AP, IC50=0.8 mM) (A4). The delayed rectifier (IDR) component (plateau) was only
reduced to 80% after 20 mM 4-AP but was attenuated up to 5% by TEA (20 mM) (A2–A4).
(B.) A regular firing neuron with prominent Ih and rebound firing exhibited an IA current
less sensitive to low 4-AP concentration than IA in slow firing neurons but with a similar
range of IC50=0.95 mM (B4). The IDR component was also highly sensitive to TEA (20
mM) (B3) but not to 4-AP (B4). A representative fast spiking neuron (C1) exhibiting small
IA that is more resistant to 4-AP (IC50=2.5 mM, C4), IDR was also resistant (only 50%) bloc
to TEA (C2). A representative bursting neuron expressing small IA sensitive to 4-AP
(IC50=1.3 mM, C4). The plots of the normalized peak amplitude for IA and IK against the
concentration of 4-AP were fitted by the sum of two logistic functions.
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Figure 4.
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4-aminopyridine (4-AP, 200 μM) impairs action potential (AP) repolarization and slows
high-frequency firing of RGCs. (A) left panel shows repetitive firing of RGC under control
conditions. Right panel shows the responses to identical currents in the presence of 200 μM
4-AP. 4-AP profoundly reduced the steady-state firing frequency for all intensities of
stimulating currents, which are indicated above each pair of traces. The holding current was
−210 pA. (B) 200 μM 4-AP caused AP broadening of a neuron by reducing the
repolarization rate and suppressing afterhyperpolarization of single APs evoked by nearthreshold depolarizations. Left panel shows the voltage waveform. Right panel shows the
numerical time derivative of this waveform. IS-SD break is indicated by arrow. (A) and (B)
are from different cells.
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10–90% rise time (ms)

Decay time constant (ms)

Activation curve midpoint (mV)

IA Steepness,δ (pA/mV)

IA threshold (mV)

4-AP IC50 (mM)

IA/IK ratio

0.38±0.21

1.1

−31.4±2.6

12.94±0.46

−10.21±3.59

28.5±8.2

1.4±0.2*

91.0±26*

5.0±1.8

-

−37.5±2.5

−4.22±0.5

15.94±0.8

312.4±73.5

8.61±2.8**

Fast Firing n=6

Data presented as mean ± standard deviation, P statistical significance (One-way ANOVA analysis).

0.5±0.08*

0.95

3.1±0.7

179.3±40.6

12.7±3.1*

5.8±2.6

1.5

−36.6±2.1

341.28±62.9

IA peak current (nA)

IA

−44.28±3.6

−7.4±1.1*

IK Steepness,δ (pA/mV)

TEA IC50 (mM)

−4.06±0.7

17.02±3.8*

Activation curve midpoint (mV)

IDR threshold (mV)

14.04±2.4

390.7±37.9*

IK peak current density (pA/pF)

13.5±3.5

18.4±2.5*

IK peak current (nA)

Regular Firing n=4

Slow Firing n=6

IK

Analysis of voltage-gated K+ currents in MS/DB neurons.

0.35±0.1

1.3

−37.5±2.5

11.08±5.4

−10.9±3.5

31.5±5.7

2.6±0.7

109.1±11.49

5.6±2.8

1.5

−33.3±3.3

0.52±0.4*

12.06±6.2

337.8±58.2

10.5±3.8

Burst Firing n=5

<0.05

0.14

<0.05

0.09

<0.05

<0.05

<0.05

<0.05

<0.05

0.12

0.14

<0.05

0.48

0.7

<0.05

P
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